Background
Introduction
Acute respiratory distress syndrome (ARDS) is a major cause of acute respiratory failure in critically ill patients [1] [2] [3] . ARDS is characterized by diffuse lung epithelial and endothelial injury leading to increased permeability alveolar edema [4] . Few interventions have proved beneficial in ARDS [5] [6] [7] and pharmacological approaches remain limited. The magnitude of damage to the alveolar type (AT) I cell is a major determinant of ARDS severity and outcomes [8] . RAGE, the receptor for advanced glycation end-products, plays a pivotal role in ARDS pathogenesis [9] [10] [11] [12] . RAGE is a transmembrane receptor of the immunoglobulin superfamily that is primarily located on the basal surface of AT I cells [9] . Its activation modulates cell signaling, culminating in a sustained inflammatory response leading to the activation of nuclear transcription factor NF-κB [13] . RAGE can be measured in biological fluids as soluble RAGE (sRAGE, comprising the extracellular domain of RAGE, and produced through the cleavage of full-length RAGE by proteinases) [14, 15] and endogenous secretory RAGE (esRAGE, produced after alternative splicing) [16] . RAGE is downregulated in most tissues under physiologic conditions, but its expression and activation are upregulated where ligands accumulate [13] . RAGE binds diverse ligands including advanced glycation end-products (AGEs), β-amyloid peptides and damage-associated molecular patterns, e.g. S100 proteins and high mobility group box-1 protein (HMGB1) [17] [18] [19] [20] . Multiple pathways may be involved in RAGE activation [21] , and RAGE isoforms may act as decoy receptors that prevent activation of transmembrane RAGE by ligands [22] . As RAGE isoforms and ligands have been poorly reported to date, we designed our study to report their levels during ARDS.
Materials and Methods

Ethics statements
Our institutional review board (Comité de Protection des Personnes Sud-Est VI) approved the study protocol. All participants, or their next-of-kin, provided written consent to participate.
Setting
This was a monocenter, prospective observational study. Patients were screened and enrolled between February 2011 and January 2013 in the general intensive care unit (ICU) at Estaing University Hospital, Clermont-Ferrand, France, after the protocol was registered on clinicaltrials.gov (NCT01270295).
Patient management was based on our ICU standard protocols. Mechanical ventilation strategy (including weaning), sepsis management, and sedation were based on available guidelines [5, 23] . Lung-protective ventilation was applied; a tidal volume of 6 ml/kg (predicted) body weight and a plateau pressure under 30 cmH 2 O were targeted [5] .
Study patients
Thirty consecutive patients with acute lung injury (ALI)/ARDS were identified based on the American-European Consensus Conference definition [24] and included within 24 hours of disease onset. Thirty age-and sex-matched patients under mechanical ventilation but without ALI/ARDS served as controls. Patients were ineligible if: they were pregnant; <18 years old; they had a history of acute exacerbation of diabetes, dialysis for end-stage kidney disease, Alzheimer's disease, amyloidosis or evolutive solid neoplasm.
Clinical data
Clinical and biological data were obtained for all living patients at all timepoints. According to our institutional protocol, a lung computed tomography (CT) scan was performed on day 0 in ARDS patients [25] . Two independent radiologists performed the qualitative CT analysis according to the "CT-scan ARDS study group" criteria [26] . Three patterns of loss-of-aeration distribution were identified: focal, diffuse, patchy. Nonfocal morphology was noted for patients with diffuse or patchy patterns [27] . Clinical outcome was recorded until day 28.
Biologic sample collection, processing and measurements
In both groups, arterial blood and central venous blood from the superior vena cava were simultaneously sampled on day 0 (at inclusion (D0H0) and 4 hours later (D0H4)), day 3 (D3) and day 6 (D6) after inclusion; undiluted bronchoalveolar fluid was collected simultaneously [28] . Blood and alveolar samples were immediately centrifuged at 1,000xg for 15 minutes; supernatant was kept frozen at -80°C until analysis. Biological markers were measured in duplicate using commercially available sandwich enzyme-linked immunosorbent assay (ELISA) kits: sRAGE (Human sRAGE Quantikine Kit, R&D Systems, Minneapolis, MN, USA), esRAGE (esRAGE Kit, B-Bridge International, Mountain View, CA, USA), HMGB1 (HMGB1 Kit, IBL International, Hamburg, Germany), S100A12 (CircuLex S100A12/EN-RAGE Kit, MBL International, Nagano, Japan), AGEs (OxiSelect AGEs Kit, Cell Biolabs, San Diego, CA, USA). AGEs kit detects and quantifies N-ε-carboxymethyl-lysine and pentosidine, the two main AGEs.
Study outcomes
The primary outcome was the difference between groups in baseline plasma levels of biological markers. Secondary objectives were: to describe RAGE soluble forms (sRAGE, esRAGE) and ligands (HMGB1, S100A12, AGEs) pulmonary and plasma levels during the first 6 days after ARDS onset, as compared with measurements in controls; to report venous-to-arterial differences and alveolar-to-arterial ratios in sRAGE, esRAGE, HMGB1, S100A12 and AGEs levels; to test their correlation with CT-scan lung morphology and ARDS severity; to test their prognostic values in ARDS.
Statistical analyses
Sample size was difficult to estimate because RAGE isoforms and ligands levels have been poorly investigated to date in the clinical setting of ARDS. Few data are available on sRAGE levels variability in ICU patients [10] [11] [12] , with standard deviations around 2000 pg/ml. When considering type I error alpha and statistical power of 5% (bilateral) and 80%, respectively, enrolling 30 patients in each group would allow the detection of a 1500 pg/ml difference in (baseline arterial) sRAGE levels, which corresponds to an effect size of 0.75 [29] . Categorical data were expressed as numbers and percentages, and quantitative data as mean and standard deviation (SD) or median and interquartile range (IQR) according to statistical distribution. Log-transformation was proposed to reach normal distribution. Student t-test or Mann-Whitney test were used to compare quantitative parameters. Proportions were compared using Chi 2 or Fisher's exact tests. Spearman correlation coefficient was calculated to study the relation between quantitative variables. Correlations between biological markers and severity (e.g., PaO 2 /FiO 2 ratio) were tested using both univariate and multivariate analyses. Repeated data were analyzed using mixed models evaluating group, time and their interaction effects, taking into account between-and within-subject variability. Receiver-operating characteristic (ROC) curves were computed to determine which parameter better distinguished nonfocal from focal ARDS. Areas under the curve (AUC) were calculated and reported with 95% confidence interval (CI)(e.g., for sensitivity and specificity); several indexes were proposed to establish the best threshold (Youden, Liu, efficiency). All analyses were performed using the Stata Software (StataCorp, College Station, US). A P<0.05 (two-sided) was considered statistically significant.
Results
Study population
Thirty patients with ALI/ARDS [24] were enrolled; 30 consecutive age-and sex-matched patients without ALI/ARDS but under mechanical ventilation were included as controls. Data on the primary outcome were available for all patients. Baseline characteristics and main clinical outcomes are summarized in Table 1 .
Nine ARDS patients (30%) had baseline PaO 2 /FiO 2 between 200 and 300, and 23 patients (76%) were diagnosed with nonfocal lung morphology. First samples for the study were drawn a mean of 33 hours after intubation (SD 39), with no difference between groups (P = 0.7).
Levels of sRAGE
Arterial, central venous and alveolar levels of sRAGE were higher in ARDS patients than in controls at all timepoints (Fig 1 and S1 Table) . When samples from all timepoints were analyzed together, venous-to-arterial difference in sRAGE levels was higher in controls (56 pg/ml) than in patients with ARDS (-52 [-661-358] pg/ml, P<0.001). The alveolarto-arterial ratio of sRAGE levels was higher in ARDS patients than in control at baseline (9. . In our population, there was no difference in baseline arterial sRAGE levels between septic (n = 51) and non-septic (n = 9) patients (2508 [978-6234] vs. 1096 [702-1815] pg/ml, respectively, P = 0.09). As well, there was no difference in central venous (P = 0.1) and alveolar levels of sRAGE between groups at baseline (P = 0.1 for both). There was no difference in baseline arterial sRAGE between patients receiving and those not receiving corticosteroids at randomization (2820 [1492-6278] versus 1096 [793-4654] pg/ml, respectively, P = 0.07); no difference was found as well in central venous (P = 0.06) and alveolar (P = 0.2) sRAGE between groups at baseline.
Levels of esRAGE
Arterial and venous levels of esRAGE were lower in ARDS patients than in controls at all timepoints, but this difference did not reach significance for alveolar esRAGE (Fig 1 and S1 Table) . Alveolar esRAGE levels were overall lower in ARDS patients than in controls, except at baseline. When samples from all timepoints were analyzed together, venous-to-arterial difference in esRAGE levels was higher in the ARDS group than in controls (0. Log-transformed arterial, central venous and alveolar levels of sRAGE (in pg/ml), esRAGE (in ng/ml), HMGB1 (in ng/ml), S100A12 (in pg/ml) and AGEs (in μg/ml) in patients with ARDS (black bars) and controls over time (grey bars). D0H0: inclusion; D0H4: 4 hours after inclusion; D3: day 3; D6: day 6 
Levels of HMGB1
Plasma levels of HMGB1 were significantly higher in ARDS patients than in controls at all timepoints (Fig 1 and S1 Table) , but alveolar HMGB1 was higher in patients with ARDS than in controls only on D0H4. When samples from all timepoints were analyzed together, venousto-arterial difference in HMGB1 levels was lower in ARDS patients than in controls (-0. 
Levels of S100A12
Levels of S100A12 were higher in ARDS patients than in controls at all timepoints (Fig 1 and  S1 Table) . When samples from all timepoints were pooled, venous-to-arterial difference in S100A12 levels was similar in the ARDS group and in controls (15334 [- 
Levels of AGEs
Levels of AGEs were lower in ARDS patients than in controls at all timepoints (Fig 1 and S1 Table) . When samples from all timepoints were analyzed together, venous-to-arterial difference in AGEs levels was lower in the ARDS group than in the control group 
Correlation of biological markers with the diagnosis of ARDS, lung injury morphology, severity and outcome
The AUC when baseline arterial sRAGE was used to differentiate the presence from the absence of ARDS was 0.99 (95% CI, 0.99-1). The ability of baseline arterial levels of other markers to discriminate between patients with or without ARDS was also determined; AUC were 0.94 (95% CI, 0.87-1), 0.73 (95% CI, 0.59-0.88), 0.65 (95% CI, 0.49-0.81), 0.65 (95% CI, 0.49-0.81) for baseline arterial S100A12, AGEs, HMGB1 and esRAGE, respectively (Fig 2) . The AUC when baseline arterial sRAGE was used to differentiate the presence from the absence of nonfocal ARDS was 0.79 (95% CI, 0.6-0.92); a cut-off value of 3494 pg/mL had a sensitivity of 82% (95% CI, 60-95) and a specificity of 75% (95% CI, 35-97). The ability of baseline arterial levels of esRAGE, HMGB1, S100A12 and AGEs to discriminate between nonfocal and focal ARDS was also determined; AUC were 0.65 (95% CI, 0.39-0.91), 0.63 (95% CI, 0.38-0.88), 0.49 (95% CI, 0.24-0.74), 0.48 (95% CI, 0.23-0.74) for baseline arterial HMGB1, S100A12, AGEs and esRAGE, respectively (Fig 3) . Next, baseline arterial levels of all markers were combined using logistic regression (multivariate model). The ability of this combination to discriminate between nonfocal and focal ARDS was determined, with an AUC of 0.82 (95% CI, 0.59-1) (Fig 4) .
Arterial levels of sRAGE were associated with ARDS severity, as assessed by PaO 2 /FiO 2 ratio (Spearman's ρ = -0.36; 95% CI -0.54 to -0.16; P = 0.0008) and lung injury score (ρ = 0.36; 95% CI 0.11 to 0.57; P = 0.006). Baseline arterial S100A12 levels also correlated with PaO 2 / FiO 2 (ρ = -0.47; 95% CI -0.71 to -0.13; P = 0.008) in ARDS patients. Despite multivariate analysis found colinearity between the 5 markers measured in arterial blood from ARDS patients at baseline, sRAGE, esRAGE, S100A12 and AGEs were associated with PaO 2 /FiO 2 (P = 0.006, 0.012, 0.002 and 0.006, respectively), but HMGB1 was not (P = 0.3).
No correlation was found significant between lung injury score and esRAGE, HMGB1, S100A12 or AGEs levels. Baseline sRAGE/esRAGE ratio was higher in the ARDS group than in Fig 3. Receiver-operating characteristic curves of baseline arterial levels of sRAGE, esRAGE, HMGB1, S100A12 and esRAGE in differentiating between the presence and absence of nonfocal lossof-aeration in computed tomography scan morphology studies on day 0 in patients with acute respiratory distress syndrome. 
Discussion
We report RAGE isoforms and main ligands levels in the arterial blood, the superior vena cava circulation and the alveolar fluid from ARDS patients, as compared with mechanically ventilated controls, along with their kinetics and association with severity/outcome.
Overall, ARDS patients had higher sRAGE, HMGB1 and S100A12 levels than controls. Inversely, esRAGE and AGEs levels were lower in ARDS patients. A phenotype comprising elevated sRAGE, HMGB1, S100A12 and decreased esRAGE, AGEs could therefore help to characterize patients with or without ARDS. Moreover, increased sRAGE, HMGB1 and S100A12 levels were correlated with nonfocal ARDS and severity. Such findings reinforce previous data suggesting a role for RAGE/HMGB1/S100A12 axis in ARDS [30, 31] , and a role for sRAGE as a marker of lung damage [12] . Nevertheless, more work is still needed for us to better understand the implications of RAGE axis in the pathophysiology of alveolar injury and repair, and to facilitate the design of future trials of new ARDS biomarkers or treatments.
Interestingly, blood sRAGE/esRAGE ratio was higher in ARDS patients than in controls at all timepoints. Even though distinct mechanisms are responsible for their release, both isoforms may act as decoys that prevent RAGE interaction with its ligands, thus playing a critical role in RAGE-ligand axis modulation [32] . Levels of sRAGE/esRAGE could represent innate markers of vulnerability to disease or its severity [33] , but further research is warranted to explore sRAGE-or esRAGE-mediated mechanisms leading to alveolar inflammation [34] . Our results also support an alveolar source for sRAGE and esRAGE during ARDS, as suggested by higher alveolar-to-plasma ratios for RAGE isoforms than for RAGE ligands in ARDS patients. ARDS patients had higher venous-to-arterial differences in esRAGE levels, but venous-to-arterial differences in sRAGE, HMGB1 and AGEs levels were lower than controls. Even though our study was not specifically designed to address this issue in ARDS, lower venous-to-arterial differences could suggest increased synthesis of sRAGE, HMGB1 and AGEs in the alveolar compartment, and higher differences are compatible with increased accumulation (and/or decreased production) of alveolar esRAGE.
Our study has limitations. First, study design is descriptive and we did not explore how RAGE isoforms and main ligands are released and regulated during ARDS; nevertheless, this first report of the kinetics of the main actors of RAGE axis in multiple compartments should facilitate and stimulate future studies. Second, statistical power has been rigorously calculated a priori to detect differences in baseline arterial sRAGE levels between groups. As sRAGE has already been successfully assessed as a diagnostic marker for ARDS [10, 12] , we hypothesize that differences in other markers should be considered as relevant, despite not being supported by rigorous power calculation for each of them taken individually. Also, most ARDS patients from our cohort were admitted with a diagnosis of sepsis or pneumonia, yet septic status seems unlikely to influence plasma sRAGE [12] . In addition, we found no difference in baseline arterial, alveolar or central venous levels of sRAGE between septic and non-septic patients, as well as between patients receiving or not receiving corticosteroids at baseline. In our study, patients were diagnosed with ALI/ARDS based on 1994 definition [24] ; nevertheless, our results could be extrapolated to patients diagnosed with ARDS based on Berlin definition [3] , as all of them had a PEEP>5 cmH 2 O, mean PaO 2 /FiO 2 ratios compatible with moderate ARDS, and the identification of a risk factor in previous 7 days [3] . As numerous conditions may influence RAGE expression [13, 21] , the study was designed to exclude patients with such conditions. Finally, we found no correlation between baseline levels of RAGE isoforms or ligands and main clinical outcomes; however, such outcomes were not assessed here as primary endpoints. Still, prognostic values of RAGE axis mediators cannot be ruled out and should be further assessed with appropriate methodology.
In conclusion, we report the first kinetics study of arterial, central venous and alveolar levels of RAGE main isoforms and ligands during ARDS. A biological phenotype comprising elevated sRAGE, HMGB1 and S100A12 along with decreased esRAGE and AGEs was found to distinguish patients with ARDS from those without. Baseline arterial levels of sRAGE, esRAGE S100A12 and AGEs are correlated with lung injury severity as assessed by PaO 2 /FiO 2 ratio; baseline sRAGE, HMGB1 and S100A12 may also help to better discriminate nonfocal from focal ARDS, as assessed by CT-scan. Therefore, our findings support a major role for the RAGE/HMGB1/S100A12 axis in lung injury and should prompt future studies aimed at further elucidating this role during ARDS.
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